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Abstract 

Porous  nickel  cathode  was  protected  by  potentiostatically  deposited  cobalt  at  different  experimental  conditions:  oxidation  potential  and 
electrolysis  duration.  The  deposition  growth  increased  with  the  oxidation  potential  yielding  a  more  developed  granular  structure  with  smaller 
grains.  Thin  layers  of  Co304  were  identified  by  X-ray  diffraction  (XRD)  and  Raman  spectroscopy.  CoOOH  was  detected  by  X-ray  photoelectron 
spectroscopy  (XPS)  before  annealing  treatment  and  C03O4  after  heating  the  sample  at  500  °C  during  4h  in  air.  After  this  treatment,  some 
morphological  changes  were  observed  on  the  coated  samples  due  to  grain  compaction  and  oxidation  of  the  nickel  substrate.  The  porosity  of 
the  coated  samples  was  relatively  close  to  that  of  the  sole  porous  nickel.  These  coatings  exhibited  an  appropriate  dual-pore  structure  with 
macro  and  micro  pores,  a  basic  MCFC  requirement. 

©  2004  Elsevier  B.V.  All  rights  reserved. 
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1.  Introduction 

The  interest  of  LiCoC>2  as  a  candidate  material  for  replac¬ 
ing  the  state-of-the-art  molten  carbonate  fuel  cell  (MCFC) 
cathode,  LixNii_xO,  is  well  described  in  the  literature  [1-6]. 
This  compound  is  less  soluble  than  the  nickel  cathode  in  the 
MCFC  conditions  and  has  an  electrocatalytical  activity  close 
to  that  of  LixNii_xO.  However,  its  conductivity  is  lower  than 
that  of  the  usual  cathode  material,  its  mechanical  resistance  is 
lower  and  its  cost  is  relatively  high.  In  addition,  problems  in 
scale  up  of  electrode  area  restrict  its  use.  The  thin  layer  tech¬ 
nology  is  an  interesting  way  of  solving  these  practical  prob¬ 
lems  by  combining  the  properties  of  the  LiCo02  coating  (low 
solubility)  and  the  LixNii_xO  substrate  (cheap,  good  conduc¬ 
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tivity  and  mechanical  strength).  The  feasibility  of  coating  the 
nickel  cathode  with  well-controlled  LiCoC>2  thin  layers  has 
been  analysed  in  recent  papers  [7-10]. 

In  a  previous  work,  we  have  developed  and  optimised 
the  electrochemical  deposition  of  C03O4  thin  layers  on 
dense  nickel  or  nickel  oxide  substrates  [11,12].  This  cheap 
and  room-temperature  technique  allowed  us  to  obtain 
thin  and  homogeneous  layers  of  C03O4  transformed  into 
LiCoC>2  after  exposure  to  the  molten  carbonate  melt.  The 
use  of  dense  nickel  or  nickel  oxide  substrates  was  a  first 
necessary  step  to  analyse  thoroughly  the  structural  and 
morphological  features  of  the  cobalt  coatings;  nevertheless, 
the  situation  can  be  significantly  different  in  the  case  of 
porous  electrodes.  The  present  paper  is  dedicated  to  the 
elaboration  and  characterisation  of  cobalt  oxide  deposits 
on  the  porous  nickel  cathode  before  its  oxidation  and 
lithiation  in  situ  in  molten  Li2C03-Na2C03,  one  of  the 


82 


M.J.  Escudero  et  al.  /  Journal  of  Power  Sources  140  (2005)  81-87 


Table  1 


Name  and  description  of  all  the  samples  analyzed  in  the  present  study 


Sample 

E/V  vs.  Hg/Hg2Cl2 

Electrolysis 
time  (h) 

Annealing 

treatment 

Ni 

No 

NiCo0.50t8 

0.50 

8 

No 

NiCo0.65t8 

0.65 

8 

No 

NiCo0.50t24 

0.50 

24 

No 

NiCo0.65t24 

0.65 

24 

No 

NiO 

Yes 

NiOCo0.50t8 

0.50 

8 

Yes 

NiOCo0.65t8 

0.65 

8 

Yes 

NiOCo0.50t24 

0.50 

24 

Yes 

NiOCo0.65t24 

0.65 

24 

Yes 

candidate  electrolytes  for  MCFC  application,  in  the  standard 
conditions.  The  structural  properties  of  the  deposits  were 
characterised  either  directly  or  after  an  annealing  treatment 
by  X-ray  diffraction  (XRD),  Raman  spectroscopy,  X-ray 
photoelectron  spectroscopy  (XPS).  The  morphological 
features  were  analysed  by  scanning  electron  microscopy 
(SEM)  associated  with  energy-dispersive  spectroscopy 
(EDS)  and  the  pore  size  deposition  by  mercury  porosimetry. 

2.  Experimental 

2.7.  Electrochemical  deposition 

The  samples  were  prepared  by  potentiostatic  deposi¬ 
tion  of  cobalt  oxide  films  on  porous  Ni  foils  (6  mm  x 
25  mm  x  0.5  mm).  The  deposition  was  performed  in  a  four- 
compartment  Tacussel  glass  cell  with  a  0. 1  mol  1_1  Co(II)  so¬ 
lution  prepared  from  Co(N03)2-6H20  (Fluka,  with  a  purity 
of  99.99%  analytical-reagent  grade  chemical)  in  a  0.5  mol  l-1 
solution  of  NaNC>3  (Merck)  with  a  pH  =  4.  The  solution  was 
de-aerated  during  30  min  prior  to  electrochemical  deposition 
and  the  pH  fixed  at  7.4  by  addition  of  a  1  mol  l-1  NaOH  so¬ 
lution.  The  working  electrode  was  a  porous  nickel  foil,  the 
counter  electrode  was  a  Pt  foil  and  the  reference  electrode 
was  a  Hg|Hg2Cl2  (SCE)  which  was  placed  in  a  separate  com¬ 
partment  filled  with  a  0.5  mol  l-1  NaNC>3.  The  potentiostatic 
deposition  was  performed  by  means  of  a  Princeton  Applied 
Research  (PAR)  Model  263  system.  The  effect  of  two  differ¬ 
ent  potentials  0.50  and  0.65  V  versus  SCE,  at  two  different 
electrolysis  durations  8  and  24  h,  before  and  after  thermal 
treatment  (at  500  °C  during  4  h  in  air  at  a  heating  rate  of 
1  °Cmin_1),  on  the  cobalt  oxide  deposits,  was  investigated. 
All  the  samples  studied  in  this  work  are  reported  in  Table  1 . 

2.2.  Characterisation  techniques 

XRD  analyses  were  performed  with  a  Philips  Model 
X  Pert-MPD  diffractometter  using  a  Cu  Ka  radiation  (A 

o 

=  1.542  A).  The  diffraction  intensity  was  measured  in  the 
2°-90°  (26)  range,  by  steps  of  0.05°  (26)  with  a  counting 
time  of  2  s. 


Raman  spectra  were  obtained  at  room  temperature  with 
a  Bruker  RFS-100  FT- Raman  spectrometer  provided  with  a 
diode-pumped  germanium  solid-state  detector,  which  oper¬ 
ates  at  liquid  N2  temperature.  An  Nd:YAG  laser  was  used 
as  exciting  source.  The  samples  were  pressed  into  the  holder 
with  no  other  pre-treatment.  A  laser  power  of  ca.  600  mW 
was  used,  the  spectra  being  taken  with  a  resolution  4  cm-1 
and  accumulating  500  scans.  For  each  measurement  the  in¬ 
tegration  time  was  30  min. 

XPS  analysis  was  performed  with  a  Perkin-Elmer  PHI 
5400  spectrometer  equipped  with  a  Mg  Ka  excitation  source 
(hv  =  1253.60  eV)  and  a  beam  size  of  1  mm  diameter.  Typical 
operation  conditions  were:  X-ray  gun,  15  kV,  20  mA,  pressure 
in  the  sample  chamber  ~  10-9  Torr,  pass  energy,  89.50  eV  for 
general  spectra  (0-1 100  eV)  and  35.75  eV  for  high  resolution 
spectra.  In  order  to  take  into  account  the  charging  effects  on 
the  measured  binding  energies,  these  energies  were  deter¬ 
mined  by  referencing  to  the  C  Is  peak  at  284.8  eV. 

The  morphology  and  composition  of  the  deposits  were  ex¬ 
amined  with  SEM  using  a  Hitachi  microscope  S-2500  com¬ 
bined  with  EDS,  model  Sun  Sparcstation. 

The  porosity  and  the  pore  size  distribution  were  deter¬ 
mined  by  mercury  porosimetry  using  a  Micrometries  Pore 
Sizer  9310. 

3.  Results  and  discussion 

Fig.  1  shows  the  XRD  patterns  of  the  cobalt  oxide  formed 
on  the  porous  nickel  foil  obtained  at  0.65  V  during  24  h, 
before  and  after  the  thermal  treatment  (4h  at  500  °C  in  air). 
Initially,  only  the  XRD  peaks  corresponding  to  metallic 
nickel  were  observed  at  44.50°,  51.84°,  and  1631° (26). 
After  the  annealing  treatment,  apart  of  the  XRD  peaks  of 
Ni,  less  intense  peaks  were  detected:  they  correspond  to 
NiO  at  37.28°,  42.23°,  and  62.97°  (26)  and  to  cubic  C03O4 
compound  that  appear  at  19.00°,  31.27°,  36.85°,  59.35°,  and 
65.23°  (26).  This  indicates  that  the  formation  of  cubic  C03O4 
on  porous  Ni  is  only  obtained  after  an  annealing  process. 
A  similar  behaviour  was  obtained  for  all  the  other  samples, 
but  the  intensity  of  the  peaks  relative  cubic  C03O4  decreases 
with  reducing  both  potential  and  electrolysis  duration. 
However,  it  is  difficult  to  obtain  a  detailed  information  about 
the  crystallographic  structure  of  deposits  because  the  cobalt 
content  is  much  lower  than  that  of  nickel. 

Raman  spectroscopy  is  a  tool  providing  information  on 
the  vibrations  of  atoms  in  crystals  and  is  very  sensitive  to  the 
symmetry  of  crystallographic  structures.  The  Raman  spectra 
of  the  samples  with  cobalt  deposits  on  porous  nickel,  before 
and  after  annealing  treatment,  are  presented  in  Fig.  2.  Ini¬ 
tially,  these  samples  showed  two  broad  bands  around  501 
and  613  cm-1  that  did  not  appear  in  the  porous  nickel  Ra¬ 
man  spectrum.  This  suggests  that  theses  bands  are  due  to 
the  presence  of  cobalt  on  the  porous  substrate.  The  intensity 
of  these  bands  increased  with  the  imposed  potential  and  the 
electrolysis  duration  and,  therefore,  with  the  cobalt  content, 
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(a)  20/  ° 


Fig.  1.  XRD  patterns:  (a)  NiCo0.65t24,  (b)  NiOCo0.65t24. 


(a)  Raman  shift,  cm 


(b)  Raman  shift,  cm 


as  can  be  seen  in  Table  2  (comments  will  be  given  forward). 
After  the  heat  treatment,  five  bands,  not  present  in  the  porous 
nickel  spectrum,  were  observed  at  197,  484,  523,  621,  and 
691  cm-1.  C03O4  crystallizes  in  the  normal  spinel  structure 
Co2+  (Co3+)2042~  and  belongs  to  the  space  group  07h-Fd 
3m.  The  spinel  lattice  is  constituted  of  Co2+  and  Co3+  located 
at  tetrahedral  and  octahedral  sites,  respectively.  The  active  vi¬ 
brations  of  spinel  structure  (Fd  3m)  are  Aig  +  Eg+  Fig+  3F2g+ 
2A2u  +  2EU  +  4Fiu  +  2F2u.  The  Aig,  Eg,  and  3F2g  modes  are 

Table  2 


Chemical  composition  of  coated  samples  (relative  percentage  of  Ni  and 
Co)  without  or  with  annealing  treatment  determined  by  energy-dispersive 
spectroscopy  (EDS) 


Sample 

Ni  atomic  (%) 

Co  atomic  (%) 

Ni 

— 

— 

NiCo0.50t8 

75.36 

24.56 

NiCo0.65t8 

59.72 

40.18 

NiCo0.50t24 

40.27 

59.63 

NiCo0.65t24 

22.11 

77.82 

NiO 

— 

— 

NiOCo0.50t8 

87.69 

12.27 

NiOCo0.65t8 

73.31 

26.61 

NiOCo0.50t24 

56.78 

43.12 

NiOCo0.65t24 

29.44 

70.48 

Fig.  2.  Raman  spectra  of  porous  Ni  and  cobalt  deposits  on  nickel  porous: 
(a)  before  heat  treatment,  (b)  after  heat  treatment. 

Raman  active,  and  4Fiu  are  infrared  active.  The  reaming  Fig, 
2A2u,  2Eu,  and  2F2u  modes  are  inactive  [13,14].  Therefore, 
five  Raman  bands  observed  for  the  samples  (Fig.  2b)  can  be 
assigned  to  Raman  active  or  phonon  modes  of  C03O4:  the 
peaks  at  197,  523,  and  621  cm-1  corresponds  to  F2g  phonon 
modes  whereas  the  peaks  at  484  and  691  cm-1  are  Eg  and  Aig 
phonon  modes  [13,15].  The  phonon  symmetries  determined 
in  this  work  are  in  agreement  with  those  given  by  Hadjiev  et 
al.  [13]  and  Herrera  and  Resasco  [15].  Therefore,  this  con¬ 
firms  that  the  crystallographic  structure  of  the  deposits,  after 
an  annealing  treatment,  corresponds  to  C03O4. 

XPS  spectra  can  provide  information  on  the  qualitative 
analysis  of  cobalt  oxide  deposits  and  on  the  identification  of 
the  valence  state  of  cobalt  in  order  to  determine  the  effect 
of  the  imposed  potential,  the  electrolysis  time  and  the  heat 
treatment  on  the  crystallographic  structure  of  deposits.  The 
survey  spectrum  of  each  deposit  on  porous  nickel  revealed 
the  presence  of  Co,  O,  Ni  and  C  in  the  surface  (also  confirmed 
by  the  Auger  lines).  Nickel  was  detected  for  all  the  deposits 
and  the  cobalt  content  increased  at  higher  deposition  voltage 
and  higher  electrolysis  duration. 
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Table  3 


XPS  BEs  of  Co  2p3/2  and  O  Is  peaks  of  the  coated  samples  without  or  with  annealing  treatment 


Sample 

Co  2p3/2  BE  (eV) 

Ai  (eV) 

A2  (eV) 

O  Is  BE  (eV) 

NiCo0.50t8 

781.2 

15.9 

— 

528.6  (Oi;3%);  531.1  (On;78%);  532.7  (Om;19%) 

NiCo0.65t8 

780.6 

15.7 

— 

529.4  (Oi;21%);  533.4  (On;74%);  532.5  (Om;5%) 

NiCo0.50t24 

780.4 

15.9 

— 

529.2  (Oi;6%);  531.0  (On;70%);  532.7  (Om;24%) 

NiCo0.65t24 

780.2 

15.2 

— 

529.6  (Oi;21%);  531.2  (On;71%);  533.3  (Om;8%) 

NiOCo0.50t8 

779.8 

15.0 

9.5 

529.6  (Oi;49%);  531.2  (On;42%);  532.8  (Om;9%) 

NiOCo0.65t8 

779.8 

15.0 

9.8 

529.6  (Oi;49%);  531.2  (On;42%);  532.8  (Om;9%) 

NiOCo0.50t24 

779.7 

15.2 

9.9 

529.2  (Oi;52%);  531.0  (On;35%);  532.7  (Om;13%) 

NiOCo0.65t24 

779.8 

14.9 

9.6 

529.6  (Oi;58%);  531.2  (On;35%);  533.3  (Om;7%) 

The  binding  energies  (BEs)  relative  to  Co  2p3/2,  Ai  (Co 
2p3/2-Co  2pi/2  peak  splitting),  A2  (peak  separation  between 
the  Co  2p3/2  main  peak  and  satellite)  and  the  binding  energies 
values  of  O  Is  for  all  the  deposits  are  presented  in  the  Table  3. 
Curve  fitting  of  O  Is  signal,  gives  generally  three  contribu¬ 
tions,  which  on  the  basis  of  their  BEs  were  assigned  to  ox¬ 
ide  lattice  (Oi),  hydroxyl  groups  and/or  non- stoichiometric 
surface  oxygen  (On),  and  molecular  water  adsorbed  in  the 
surface(Om),  respectively. 

XPS  data  of  Co  2p  for  all  the  deposits,  before  and  after  heat 
treatment,  are  presented  in  Fig.  3.  According  to  the  literature, 
the  Co  2p3/2  spectrum  shows  a  complex  structure  broadened 
by  multiplet  splitting  effects  and,  in  addition,  very  similar 
binding  energies  are  known  for  most  of  the  cobalt  oxides  and 
hydroxides  (i.e.  CoO,  C02O3,  C03O4,  CoOOH)  [12,15-18]. 
However,  a  detailed  analysis  of  the  Co  2p  shake-up  structure 
should  allow  the  assignment  of  cobalt  oxidation  states.  In 
fact,  it  is  well  known  that  all  the  Co2+  compounds  are  high 
spin  complexes  with  strong  satellite  bands,  while  all  the  Co3+ 
are  diamagnetic  [17,18]. 

Before  the  annealing  treatment,  the  BEs  values  of  Co  2p 
peaks  (Table  3)  and  the  absence  of  the  intense  satellite  bands 
associated  to  Co  2p  (Fig.  3a)  most  probably  correspond  to  the 
presence  of  CoOOH  instead  of  Co(OH)2.  The  Co  2p3/2  and 
Ols  BEs  values  for  all  the  samples  are  in  good  agreement 
with  the  values  obtained  by  McIntyre  and  Cook  [17]  and 
Galtayries  and  Grimblot  [19]  for  CoOOH. 

After  the  annealing  treatment,  the  cobalt  XPS  spectra  show 
a  higher  resolution  (Fig.  3b).  The  Co  2p3/2  and  Co  2pi/2  peaks 
are  slightly  shifted  towards  lower  binding  energies  values  and 
the  Co  2p3/2  line  is  narrower.  A  very  weak  satellite  band, 
appearing  at  9.7  db  0.2  eV  higher  than  the  main  peak,  are 
probably  due  to  shake-up  effects  related  to  paramagnetic  di¬ 
valent  high- spin  cobalt  [20].  These  results  and  the  absence  of 
a  strong  shake-up  satellite  structure  indicate  the  presence  of 
C03O4.  Similar  results  were  reported  for  C03O4  by  Milton 
et  al.  [16]  and  Casella  and  Guascito  [18]. 

As  shown  in  Table  3,  for  all  the  samples  before  heat  treat¬ 
ment,  the  contribution  of  O  lsn  associated  with  OH-  groups 
is  the  most  important  contributions  between  70  and  78%. 
However,  the  contribution  of  O  lsi  is  more  important  for 
the  samples  prepared  at  a  potential  of  0.65  V  versus  SCE 
with  respect  to  those  obtained  at  a  potential  0.50  V  versus 
SCE.  This  indicates  that  oxide  species  represent  around  21% 


for  NiCo0.65t8  and  NiCo0.65t24,  while  the  proportion  de¬ 
creases  to  3  and  6%  for  NiCo0.50t8  and  NiCo0.50t24,  re¬ 
spectively.  This  suggests  that  the  deposits  obtained  at  0.65  V 
versus  SCE  present  a  lower  free  surface  to  adsorb  water 
molecules. 

After  the  annealing  treatment,  the  O  Is  region  for  all 
the  deposits  present  important  changes.  The  main  peak  cor¬ 
responds  to  the  lower  binding  energy  ascribed  to  oxygen 
species.  The  second  one  in  importance  is  assigned  to  hy- 


(a)  Binding  energy,  eV 


(b)  Binding  energy,  eV 

Fig.  3.  Co  2p  XPS  spectra  of  cobalt  deposits  on  nickel  porous:  (a)  before 
heat  treatment,  (b)  after  heat  treatment. 
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Fig.  4.  SEM  micrographs:  (a)  porous  Ni,  (b)  NiCo0.50t8,  (c)  NiCo0.65t8,  (d)  NiCo0.50t24,  (e)  NiCo0.65t24. 


droxide  species.  Therefore,  after  the  annealing  treatment, 
the  amount  of  oxide  species  is  larger  than  that  of  hydroxide 
species  (Table  3),  suggesting,  at  least,  the  partial  transforma¬ 
tion  of  CoOOH  into  C03O4. 


These  results  could  be  explained  assuming  that  the  oxida 
tion  reaction  of  the  potentio static  deposition  is: 

Co(OH)2  +  OH-  ->  CoOOH  +  le“ 
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Fig.  5.  SEM  micrographs:  (a)  porous  NiO,  (b)  NiCo0.50t8,  (c)  NiOCo0.50t8. 


After  thermal  treatment,  in  accordance  with  Avramon  [21], 
the  CoOOH  decomposition  can  be  represented  as  follows: 

12CoOOH  ->  4Co304  +  6H20  +  2e~ 

After  the  annealing  process,  no  significant  difference  in  the 
composition  of  the  deposits  was  observed  whatever  the  im¬ 
posed  potential  or  the  electrolysis  duration. 

The  proportion  of  nickel  with  respect  to  cobalt,  determined 
by  EDS,  is  presented  in  Table  2,  before  and  after  anneal¬ 
ing  treatment.  EDS  analysis  confirms  that  the  Co  content 
increases  at  higher  deposition  potential  and  electrolysis  du¬ 
ration.  After  the  thermal  annealing,  a  loss  of  cobalt  was  de¬ 
tected. 

SEM  micrographs  of  the  Co-coated  porous  nickel  sub¬ 
strates,  obtained  at  two  potentials  (0.50  and  0.65  V  versus 
SCE)  and  two  deposition  durations,  8  and  24  h,  before  an¬ 
nealing  treatment  are  presented  in  Fig.  4.  From  these  mi¬ 
crographs,  it  can  be  deduced  that  the  morphology  of  coated 
porous  nickel  cathodes  presents  a  granular  structure,  more  de¬ 
veloped  at  higher  deposition  potential  (0.65  V  versus  SCE), 
and  that  the  grains  size  decreases  at  higher  deposition  poten¬ 
tial,  which  is  probably  due  to  a  higher  deposition  velocity. 

After  the  annealing  treatment,  some  morphological 
changes  were  observed,  most  probably  due  to  the  cobalt  loss, 
grain  compaction  and  the  oxidation  of  the  porous  nickel  sub¬ 
strate.  For  example,  after  the  annealing  treatment,  the  mor¬ 
phology  of  NiCo0.5t8  sample  became  relatively  close  to  that 
of  NiO  as  a  result  of  the  important  cobalt  loss,  as  can  be  seen 
in  Fig.  5. 

The  cumulative  pore  volume  and  the  porosimetry  data  rel¬ 
ative  to  porous  nickel  substrate  (Ni  or  NiO,  when  previously 
oxidised)  and  the  cobalt  oxide  coatings  on  porous  nickel,  be¬ 
fore  and  after  heat  treatment,  are  given  in  Fig.  6.  All  the  sam¬ 
ples  exhibit  an  appropriate  dual-pore  structure  with  macro 
pores  (>  1  pan)  and  micro  pores  (<  1  pan).  This  dual  pore  struc¬ 
ture  is  a  basic  requirement  for  a  MCFC  cathode:  the  macro 
pores  serve  as  gas  channels  for  the  fuel  cell  and  the  micro 
pores  absorb  molten  electrolyte  by  capillary  effects.  Thus,  the 
MCFC  reduction  reaction  occurs  in  a  ternary  phase  between 
the  solid  cathode  phase,  the  molten  electrolyte  phase  and  the 


gas  phase.  Initially,  all  the  Ni-Co  samples  show  similar  pore 
distributions,  lower  than  that  of  nickel  (Fig.  6a).  After  being 
oxidised  in  air  at  500  °C  for  4  h,  a  reduction  of  the  pore  vol¬ 
ume  distribution  was  observed  for  all  the  samples.  This  may 
be  due  to  the  decrease  in  the  average  inter  particle  distance 
when  decreasing  the  porosity.  Table  4  shows  the  porosity  and 
the  average  pore  diameter  for  all  the  samples.  Initially,  the 
porosity  of  the  coated  samples  was  between  63  and  68%. 
These  porosity  values  were  lower  than  that  of  the  pure  nickel 
cathode  (73%).  The  thermal  treatment  reduced  the  porosity 


Fig.  6.  Pore  volume  distribution  of  porous  Ni  and  cobalt  deposits  on  nickel 
porous:  (a)  before  heat  treatment,  (b)  after  heat  treatment. 
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Table  4 


Porosity  and  medium  pore  diameter  of  porous  nickel  and  the  coated  samples 
without  or  with  annealing  treatment 


Sample 

Porosity  (%) 

Medium  pore  diameter  (pan) 

Ni 

73 

9.80 

NiCo0.50t8 

69 

10.11 

NiCo0.65t8 

63 

10.43 

NiCo0.50t24 

64 

10.50 

NiCo0.65t24 

68 

9.84 

NiO 

59 

7.16 

NiOCo0.50t8 

53 

3.35 

NiOCo0.65t8 

48 

3.92 

NiOCo0.50t24 

58 

5.54 

NiOCo0.65t24 

60 

4.51 

(12-25%)  for  all  the  samples.  Initially,  the  particle  size  was 
about  10  pim;  after  the  thermal  treatment,  the  pore  size  de¬ 
creased  to  7.1  ptm  for  porous  nickel,  and  to  3-6  p,m  for  the 
coated  samples.  This  behaviour  may  be  due  to  a  reduction  of 
grain  size  and  particle  compaction  produced  by  the  annealing 
treatment. 

4.  Conclusion 

Cobalt  oxide  potentiostatic  deposition  was  adapted  to  the 
protection  of  the  porous  MCFC  nickel  cathode.  After  an  an¬ 
nealing  treatment,  provoking  a  relative  loss  of  the  cobalt  con¬ 
tent,  experimental  evidence  was  given  on  the  formation  of 
electrodeposited  C03O4  by  XRD  and  Raman  spectroscopy. 
Before  the  thermal  treatment,  XPS  allowed  the  detection  of 
CoOOH,  which  was  transformed  into  C03O4  after  anneal¬ 
ing.  The  morphology  and  porosity  of  C03O4 -coated  nickel 
was  relatively  close  to  that  of  sole  porous  nickel,  showing 
an  appropriate  dual  pore  structure.  The  annealing  treatment 
provoked  a  significant  reduction  of  the  coated  sample  grain 
size.  It  can  be  concluded  from  this  study  that  potentiostatic 
deposition  seems  to  be  very  promising:  it  is  a  low-cost  tech¬ 
nique,  producing  homogeneous  layers  and  adapted  to  MCFC 
application.  The  behaviour  of  these  coatings  will  be  studied 
in  molten  carbonates  in  a  forthcoming  paper. 
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